Scholars' Mine
Masters Theses

Student Theses and Dissertations

1973

A study of a new hydrometallurgical treatment for New Lead Belt
chalcopyrite concentrates
Larry Steven Livingston

Follow this and additional works at: https://scholarsmine.mst.edu/masters_theses
Part of the Geology Commons

Department:
Recommended Citation
Livingston, Larry Steven, "A study of a new hydrometallurgical treatment for New Lead Belt chalcopyrite
concentrates" (1973). Masters Theses. 3478.
https://scholarsmine.mst.edu/masters_theses/3478

This thesis is brought to you by Scholars' Mine, a service of the Missouri S&T Library and Learning Resources. This
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu.

A STUDY OF A NEW HYDROMETALLURGICAL TREATMENT FOR
NEW LEAD BELT CHALCOPYRITE CO NCENTRATES

BY
LARRY STEVEN LIVINGSTON, 1949A THESIS
Presented to the Faculty of the Graduate School of the

UNIVERSITY OF MISSOURI-ROLLA
In Partial Fulfillment of the Requirements for the Degree

MASTER OF SCIENCE IN GEOLOGY
1973

Approved by

~-id~ (Advisor)

(Co-Advisor)

237325

T 2931
71 pages

c.l

~j A {/'Ji/f-d

ii

ABSTRACT
A two-phase research project was conducted on chalcopyrite
concentrates from the New Lead Belt of Missouri.

Phase one includes

an ore microscopy study of the Magmont and Viburnum chalcopyrite
concentrates in respect to mineralogy, particle size and interlocking
characteristics of ore minerals and their possible relationships to
poor chalcopyrite-galena separation in the copper flotation circuit.
Results of the ore microscopy study of the Magmont and Viburnum
mines chalcopyrite concentrates suggest that interlocking of chalcopyrite and galena are not the cause of poor chalcopyrite-galena
separation in the copper flotation circuits .
The most common sulfides found in the Magmont and Viburnum
chalcopyrite concentrates are chalcopyrite, galena, sphalerite,
marcasite and siegenite.
The second phase related to the conversion of the chalcopyrite
concentrates, from the Magmont and Viburnum mines, to chalcocite by
a conversion reaction process .
CuFeS 2 + Cu 0 + 2H +
r~icroscope

-+
+

study of th·e converted chalcopyrite was completed to

determine the characteristics and efficiency of the conversion
process.

Additional experimentation related to the leaching of the

original chalcopyrite, some natural chalcocite and the conversion
chalcocite to determine effectiveness and economic feasibility of a
controlled autoclave leaching process.

At a pulp density of 15%

solids, 90°C, with an addition of 26.2 grams powdered copper , after
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30 minutes retention time 89% of the chalcopyrite had been converted
to chalcocite.
Results of the research suggest that copper recovery for the
conversion reaction chalcocite is substantially higher than for
natural chalcocite.
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I.
A.

INTRODUCTION

Purpose and Scope
The New Lead Belt is located 90 miles southwest of St. Louis,

Missouri, it is now one of the world•s largest lead mining districts.
The New Lead Belt forms a narrow band extending from a few miles
north of the town of Viburnum to about 12 miles northwest of the
town of Ellington, Missouri.

The New Lead Belt produces sphalerite

and chalcopyrite as by-products of the lead mining.

This study

utilizes the chalcopyrite concentrates of the Magmont and Viburnum
mines which have become nonsalable in the U.S. as a result of galena
present in the concentrates.
The two main objectives sought in this investigation were:
(1) an ore microscopy review of the Magmont and Viburnum chalcopyrite
concentrates• mineralogy, particle size, and interlocking characteristics of ore and gangue minerals in order to relate to poor copperlead separations in the chalcopyrite flotation circuit, (2) feasibility
of improving copper extraction by subjecting chalcopyrite concentrates to
a conversion reaction and subsequent high pressure and high temperature autoclave leaching.
Experimental comparison tests were run to determine the differences in leaching characteristics of (1) untreated chalcopyrite,
(2) naturally occurring chalcocite, (3) converted chalcopyrite.

The

untreated chalcopyrite was subjected to autoclave leaching under conditions to simulate the conventional processes currently available
for extracting copper.

In a similar fashion, the naturally occurring
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chalcocite was autoclaved but at a substantially lower pressure and
temperature.

Synthetically produced chalcocite was pressure leached

under the same conditions as the natural mineral chalcocite.
Comparisons are drawn as to the differences in the leaching
characteristics of the three different materials.

Hopefully, any

favorable conditions existing in the artificially produced chalcocite,
as a result of the conversion reaction, will be shown by changing
variables such as:

temperature, retention time, and the amount of

powdered iron or copper added to the reacting solution.

Also it will

be demonstrated that the conversion reaction reflects favorably on
the extraction of copper versus other methods instituted.
An attempt is made to enlighten the reader on the changes in the
properties of the converted chalcopyrite.
This investigation is limited to application of the conversion
reaction in solving the New Lead Belt's problem of successfully
marketing their chalcopyrite concentrates.
The pretreatment of chalcopyrite offers an alternative method
of obtaining better and faster extractions of copper from relatively
leach resistant chalcopyrite.
B.

Statement of the Problem
The Magmont and Viburnum Mines are currently unable to sell their

chalcopyrite concentrates to copper smelters in the United States,
because of the large amounts of lead sulfide in the concentrates.
They are presently shipping their chalcopyrite concentrate to overseas
buyers.

3

The Comi nco-American

r~agmont 111i ne

and the nearby St . Joe

~~;

nera 1s

Corporation Viburnum Mine are situated along the Viburnum Trend in the
New Lead Belt of Southeast Missouri.

This area is currently the

largest producer of lead in the United States.
problems in the disposal of their chalcopyrites.

The mines have major
Copper smeltering

operations in the United States faced with rigid state and federal
regulations on sulfur dioxide emissions presently will not process
either Magmont or Viburnum mine•s chalcopyrite concentrates .

These

concentrates contain substantial amounts of lead, present in galena,
the principal ore mineral of the New Lead Belt.

The value of the

stockpiled concentrates at Magmont alone is over four million dollars
in contained copper.
St. Joe is currently selling chalcopyrite concentrates to buyers
in Japan, but profits are reduced by shipping costs .

The Magmont

Mine has resorted to selling their concentrates to European buyers,
but the high cost of shipping eliminates most of the profit.
Currently the Magmont Mill produces about eighty tons of chalcopyrite concentrates daily containing approximately ten tons of lead
sulfide.

Efforts by the companies• staff to remedy the chalcopyrite-

galena separation problem in the flotation mills have not been
successful.
The objective of this study was to relate mineralogy, particle
size, interlocking characteristics, and by using hydrometallurgy attempt
to profitably recover copper from the concentrates.
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C.

Hydrometallurgy
The extraction of metal values by lixiviation or leac hing of

metals from ore or concentrates by an appro priate solvent and the
selective recovery of the metal values from the solvent in a
relatively pure form is termed hydrometallurgy .
for lixiviation are :

Materials suitable

(1) low grade ores, (2) concentrates,

(3) calcine (oxidized material from roasting sulfide concentrates),
(4) matte (artificial sulfide of metals), and (5) speiss (artificial
arsenides and antimonides of metals) .
Metallic minerals must be soluble and gangue minerals must be
insoluble.

An ideal solvent should:

(1) dissolve ore minerals

rapidly, (2) not attack the gangue, (3) be cheap and readily available
in large quantities, and (4) be regenerated in large quantities by
electrowinning or precipitation processes if possible .

Commercial

solvents used presently include water, acids, bases and salts .
leaching methods practiced today are:

The

(1) in place or in situ,

(2) heap, (3) sand, (4) percolation, (5) slime, (6) dump, and (7)
pressure leaching in autoclaves .
D.

Geologic Setting of the New Lead Belt
The New Lead Belt, commonly referred to locally as the Viburnum

Trend, consists of an elongated belt of separated mineral deposits
that extend almost due south from the i nitial point of discovery near
Viburnum, Missouri .

Th i s zone of mine r alizat i on extends southward

for almost thirty miles .
The bulk of the ore de pos i ts are located in the upper part of the
Upper Cambrian Bonneterre Formation .

This formation lies at depths
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ranging from 600 to more than 1200 feet below the surface.

The ore

minerals commonly occur in ancient algal reefs situated on the flanks
of Precambrian igneous rock hills.

The primary sulfides composing

the individual ore deposits include galena, sphalerite, chalcopyrite,
pyrite, marcasite, and siegenite .

Secondary sulfide minerals are

bornite, chalcocite, covellite, and malachite (Ore Deposits of United
States, 1968).

The common gangue mineral is dolomite .

Copper produc-

tion amounts to about 2% (Mo. Geological Survey, 1967) of the tonnage
of lead produced and the copper produced in the New Lead Belt is
recovered as a by-product of the lead mining.
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II.

REVIEW OF THE LITERATURE

One of the oldest applications of leaching dates back to Agricola.
This included the leaching of copper from ore and subsequent recovery
of copper from

solution by the cementation process.

Because metal sulfidesare semi-conductors and readily conduct
electric current at room temperature Marchese in 1882 suggested this
property be utilized to decompose sulfides into their components by
using electric current.

If a sulfide were made the cathode in an

aqueous acidic electrolyte the following reaction would take place:
MS + 2e- t M0 +

s=

The metal will remain at the cathode while the sulfide ions are
liberated.

In an acid medium the sulfide ion will react rapidly with

hydrogen ions to form H2s.
Chalcopyrite warrants special attention because of its relative
abundance and because it is generally the most difficult of the
various copper sulfidesto leach.
In early studies Sullivan (1930) reported results for the leaching of chalcopyrite.

In acidified ferric sulphate under non-autoclave

conditions between room temperature and its boiling point, only 16%
extraction of copper resulted from minus 325 mesh CuFes 2 in 14 days
at 35°C . At 50°C, 44% extraction of copper occurred in the same time
period.
Sullivan (1933) again observed that copper could be extracted
from chalcopyrite at 35°C by ferr i c chloride solution containing 2%
iron.
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Pawlek (1953) patented a process for treating mixed Pb, Zn, Cu,
Ni, Co ores

~~ith

oxygen at 200°C to 250°C with corresponding high

pressure.
The ammonia pressure leach process for treating copper-nickel
concentrates, in which copper occurs in chalcopyrite, has been in
operation by the Sherritt-Gordon Mines, Ltd., (Nasher, 1955) since
1954.

The process dissolves 90% of the minor fraction of chalcopyrite

present.

All sulfur is converted to ammonium sulphate.

The copper

and nickel are won from leach solutions by electrolysis.

The

untreatable ammonium sulphate is marketed as a fertilizer .
Discher and Pawlek (Warren, 1968) studied pressure oxidation of
ores of Cu, Ni, Fe and Pb from various sources.

They observed the

ability of iron salts to facilitate oxidation.
An early autoclaving operation at Fredricktown, Missouri,
(Dasher, 1973) obtained 99% extraction of copper and other non-ferrous
values in the concentrate and nearly perfect rejection of iron.

The

latter is soluble at 200°C only to about 1 gram per liter.
Forward and Halpern (1956) reported that the use of elevated
temperatures above the normal boiling point of the solution brings
about a favorable shift in the thermodynamics and particularly in
the kinetics of many reactions .

Application of such conditions

increases operating efficiency .

They advocated the use of a gaseous

or highly volatile reagent .
Warren (1968) cited factors which may control the rate of
oxidation of sulfide minerals through:

(1) control by oxidation in

solution of reactants or products of combustion, (2) control through
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formation of a ·coating of insoluble products ·on the surface of the
minerals or in solution .

The authors stated the favorability of using

compressed oxygen and that the concentration of oxygen could be
controlled by the temperature and pressure of the solution.

The

authors also reported that generally the higher the acidity of a
solution the greater the amount of elemental sulfur formed relative
to sulphate.
Sobo (1959) substantiated the usefulness of pressure leaching
in acid circuits for treating Cu-Ni ores and mattes .
Kuperman and Gogorishvili (1960) proposed the leaching of chalcopyrite at elevated temperatures and pressures with addition of calcium
hydroxide as neutralizing agent.
Stanczyk and Rampacek (1963) stated they had obtained copper
extraction of 97% - 99% by leaching chalcopyrite and flotation concentrates under oxidizing conditions at 200°C for 30 to 60 minutes.
Because the stoichiometric sulfur content of chalcocite is inadequate
to form enough sulphate to convert all the copper to a soluble sulfate
they added .5 to 1.0 lb of sulfuric acid per pound of chalcocite to
achieve substantially complete copper extractions .
Two Russian scientists, Dabrokhotov and Majorvoa (1962) reported
on the kinetics and mechanisms of autoclave leaching of chalcopyrite.
In the kinetic region the rate of copper dissolution is directly
proportional to the solution acidity, and to the oxygen partial
pressure.

The authors stated that the mechanisms of oxidation

leaching of chalcopyrite encompasses the following stages:

(1) acti -

vated adsorption of oxygen by the chalcopyrite surface (rapid),
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(2) chemical reaction at the surface of chalcopyrite, (3) diffusion
of the reaction products into the bulk of the solution (rapid), and
chemical reaction with the solution .

The overall reaction:

Bjorling and Kolta (1964) decomposed chalcopyrite in the absence
of air at 550°C and claimed to have obtained a product vvith typical
composition of CuS-2FeS .
Trachenko (1966) reported he leached thermally treated chalcopyrite in hydrochloric acid and noted preferential dissolution of
iron; e.g., at 102°C, 81% of the iron dissolved, while only 18% of
the copper dissolved in ten minutes.
Bjorling and Lesidnenski (1968) discovered a method of rapidly
activating chalcopyrite by reaction with metallic copper at 450°C .
Stanczyk and Rampacek (1966) demonstrated that chalcopyrite can
be dissolved in ammoniacal solution under stable conditions of temperature, oxygen pressure and ammonia concentration .

Most of the work was

done between 50°C - 200°C, and it showed that high copper extractions
could be obtained from chalcopyrite at 20°C.
Warren, Vizsolyi and Forward (1968) developed a process which
consisted of heating chalcopyrite with 10% of its weight in sulfur at
45ooc to 500°C.

Covellite and pyrite were identified as products .

Gerlack and Pawlek (1968) commented that oxidation reactions
may be accelerated by the adsorption of activated carbon .

The authors

10

stated that if H2S gas is not oxidized quickly enough its equilibrium
pressure will stop the reaction.
The Treadwell (Chemical Engineering, 1970) process is being
piloted by Anaconda at a throughput of 6 tons of concentrates per day.
The process steps are as follows:

(1) the chalcopyrite concentrate

is treated at 240°C with 98% sulfuric acid in an externally heated
rotary bin, producing Cuso 4 , Feso 4 , S0 and so 2 , (2) sulfates are water
leached and the solution is treated with sulfur dioxide to reduce
cupric sulfate to cuprous sulfate and the copper is precipitated as
cuprous cyanide at 45°C to 70°C by hydrogen cyanide gas, (3) the
washed and dried cuprous cyanide is reduced with hydrogen at 300°C,
regenerating hydrogen cyanide.

The reactions in order are:

J. H. Vezina (1973) working experimentally on chalcopyrite pentlandite - pyrrohotile concentrates used a pulp density of 30%
solids, an oxygen pressure of 80 psi, a temperature of 230°F and a
pretreatment of a 2.5 hour grind.

The concentrates were leached with

sulfuric acid for eight hours, resulting in the complete dissolution
of nickel and cobalt and decomposing 96% of the chalcopyrite.
In leaching experiments with chalcocite, Chugaev (1965) found no
evidence that elemental sulfur was formed even though the temperature
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was below 170°C.

The following reaction occurred:

If the reaction was carried out above 120°C the following reaction
would be superimposed:
CuS + 20 2 = CuS0 4
Bauer, Wadsworth and Gibbs (1972) studied the effects of metallic
additions to sulfuric acid solutions containing chalcopyrite.

Powdered

iron, known to have a lower galvanic potential than chalcopyrite,
produces on contact a negative overpotential which causes the chalcopyrite to react cathodically according to the equation:
Anode:

Fe

0

=

Fe

++

+ 2e

Cathode:
Sulfide ions in the presence of H+ ions will form H2s by the reaction:

Electrochemical experiments (Bauer, 1972) using CuFes 2 electrodes
as cathodes at a cathodic potential similar to those obtained in
directly connected Fe 0 /CuFeS 2 couple have shown that digenite is the
most likely product with iron entering solution and H2s being evolved.
The effect of copper metal additions is complicated by the
existence of the exchange mechanism between lattice and solution ions
neglecting the exchange (Bauer, 1972).
following reaction:

It is possible to write the
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Cu

0

=

Cu

++

+

2e

2CuFeS 2 + 2e - = Cu 2s + Fe ++ + 3S In the absence of oxygen, sulfide will form without extraction
of copper, but the formation of H2s takes place according to the
following equation:
CuFeS 2 + 2H + + Cu 0

=

Cu 2S + Fe ++ + H2St

The Arbiter process was described in the Northern Miner (ibid.,
p. 15) as being used by Anaconda . This process chemically reduces and
refines copper, nickel and other nonferrous metals.

All its wastes

are stable solids which can be stored without pollution.

The process

incorporates low temperature and pressure ammonia leaching.
Gerlack and Gock (1973, pp. 403-416) showed that the reaction
rate in the leaching of chalcopyrite could be substantially improved
by an increase of crystal lattice defects of the chalcopyrite .
latter was recognized by x-ray analysis of the chalcopyrite .

The
They

found that subjecting chalcopyrite to a vibrating mill action
involving strong impacts permits 99% of the copper to be extracted
in a subsequent single leaching stage .
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III.

A.

Mineralo~ical

RESULTS

Aspects of the Study

Chalcopyrite concentrates for both the mineralogical study and
the conversion reaction and high temperature and high temperature
autoclave leaching were supplied by the Cominco-American Magmont
concentrator and the St . Joe Minerals Corporation Viburnum mill.

A

note of additional information to the reader is that the Brushy Creek
and Fletcher mills, both operated by the St . Joe

Mineral~

Corporation

also produce chalcopyrite concentrates as a by-product of lead mining
in the New Lead Be 1t.

The tota 1 copper production \'li thin the

l~e\'1

Lead Belt was 10,270 tons in 1972 (Missouri Mineral News, 1973).
Chemical assays of the chalcopyrite concentrates used in this
investigation were supplied by the Magmont and Viburnum mill staffs .
1.

t·1agmont mine

Study of the

ch~ 1 COf'yri

~1agmont

te coneentra te

cha 1 copyri te concentrates \!vas instituted

early in the investigation to:

(1) determine size and interlocking

characteristics of the minerals, (2) determine the ore minerals
present, and (3) to determine what was the possible cause of the poor
copper-lead separation in the copper flotation circuit .

A strong

possibility existed that the problem of separation was the result of
the interlocking of the galena with other sulfides or gangue minerals
causing the 1ead to separate vvi th the cha 1 copyri te concentrate.
The major sulfide minerals present in the Magmont mine chalcopyrite concentrate were chalcopyrite, galena, marcasite, sphalerite
and siegenite.
marcasite .

The major gangue minerals present were dolomite and
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Under the microscope the concentrate showed that a substantial
amount of galena is mixed with large particles of chalcopyrite along
with some particles of dolomite gangue.
galena were noted .

In figure 1 aggregates of

This may have been caused by the mechanical

action of mixing the chalcopyrite concentrates into the embedding
media.

In figure 1, the chalcopyrite and galena in this polished

section are completely l1berated.
rimming the chalcopyrite.

In figures 2 and 3 galena is shown

A particle count of the locked galena-

chalcopyrite compared to liberated chalcopyrite shows that about
5 percent of the particles are locked galena-chalcopyrite.

It is

apparent that the chalcopyrite has been sufficiently liberated in
the grinding process so that the flotation separation problem was not
caused by chalcopyrite locked with galena.
Figures 3, 4, and 6 show the liberated nature of the chalcopyrite.
The galena present in these polished section occurs in cubic form
without any locking textures.
Table I summarized the chemical analyses and calculated
mineralogical and screen analyses of the Magmont mine chalcopyrite
concentrates .
2.

Viburnum mine chalcopyrite concentrates

Sulfide ore minerals identified in the Viburnum chalcopyrite
concentrates were chalcopyrite, galena, sphalerite and minor amounts
of siegenite .

Primary gangue minerals were marcasite and dolomite .

A study of the Viburnum chalcopyrite concentrate was initiated
to closely examine the locking relationships between minerals in the
concentrate.

The ore texture, particle _size, and interlocking
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Figure 1.

Photomicrograph of Magmont chalcopyrite concentrate where
particles of chalcopyrite (light grey) and galena (grey)
exhibit high degree of liberation. Smallest scale
fraction represents 10 microns (160x).

Figure 2.

Photomicrograph of Magmont chalcopyrite concentrate where
particles show galena (grey) rimming chalcopyrite (light
~rey).
Smallest scale fraction represents 10 microns
{256x).
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Figure 3.

Photomicrograph of Magmont chalcopyrite concentrate where
particles of chalcopyrite (light grey) exhibit rimming
by galena (grey). Smallest scale fraction represents
10 microns (160x).

Figure 4.

Photo~icrograph

of Magmont chalcopyrite concentrate where
particles of chalcopyrite (light grey) exhibit high
degree of liberation. Smallest scale fraction represents
10 microns (160x).

17

Figure 5.

Photomicrograph of Magmont chalcopyrite concentrate where
assorted size particles of chalcopyrite (light grey)
exhibit high degree of liberation. Smallest scale
fraction represents 10 microns (160x).

Figure 6.

Photomicrograph of Magmont chalcopyrite concentrate where
particles of chalcopyrite (light grey) and galena (grey)
exhibit high degree of liberation. Smallest scale
fraction represents 10 microns (256x).

18

Table I
Chemical, Calculated Mineralogical and Screen Analyses
of Magmont Chalcopyrite Concentrates
Chemical Analysis
Pb

Zn

Cu

11.3

.49

28.4

Element

% present

Fe

Ni

Co

.80

.52

fur

26.0

1.7
oz/ton

Calculated Mineralogical Analysis
Mineral Formula
% calculated

CuFeS 2

ZnS

PbS

Fes 2

NiS

CoS

82.0

.73

13.5

2.14

1.23

.80

Screen Analysis
Mesh Size

Distribution (%)

minus 65 plUS · 100

1.6

minus 100 plus 150

8.0

minus 150 plus 200

14.5

minus 200 plus 230

4.5

minus 230 plus 270

5.7

minus 270 plus 325

11.5

minus 325 plus 400

9.5

minus 400

43.0
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characteristics are best illustrated by photographs.

The following

discussion relates to typical views of the various mineral interrelationships.
Essentially free particles of marcasite, chalcopyrite and
sphalerite are shown in figure 8.

Marcasite occurs as shards or lath

shaped particles mixed with irregularly shaped chalcopyrite particles.
A smooth polish surface for the ore dressing study of the chalcopyrite
particles was most difficult to obtain.

Nevertheless chalcopyrite is

characteristically present as vuggy textured particles.
A large particle. of marcasite is rimmed by chalcopyrite in
figure 8.

Some inclusions of marcasite occur in several particles of

chalcopyrite.
A large particle of siegenite (?) surrounded by free particles
of chalcopyrite is illustrated in figure 9.
A simply locked particle of chalcopyrite and sphalerite are shown
in figure 10,

howeve~

of the chalcopyrite.

sphalerite comprises only a very small percent
The simple binary locking between chalcopyrite

and sphalerite is typical of the sphalerite present.
The high degree of liberation of the chalcopyrite within the
Viburnum chalcopyrite concentrate is well illustrated in figure 11.
A large field of liberated particles of chalcopyrite and marcasite
is also shown in figure 12.
Table II summarizes the chemical analyses and calculated mineralogical and screen analyses of the Viburnum chalcopyrite concentrates.
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Table II
Chemical, Calculated Mineralogical and Screen Analyses
of Viburnum Chalcopyrite Concentrate
Chemical Analysis
Element

Pb

Zn

Cu

Fe

Ni

Co

% present

4.5

.64

27.9

27.1

1.21

0.75

Calculated Mineralogical Analysis
CuFeS 2
ZnS
~~i nera 1 Formu 1a

PbS

FeS

NiS

CoS

% calculated

5.2

4.3

1.86

1.15

80.5

0.95

Screen Analysis
Mesh Size

Distribution (%)

minus 65 plus 100

0.5

minus 100 plus 150

3.0

minus 150 plus 200

11.50

minus 200 plus 230

5.75

minus 230 plus 270

1.75

minus 270 plus 325

26.4

minus 325 plus 400

15.0

minus 400

21.0

21

Figure 7.

Photomicrograph of Viburnum chalcopyrite concentrate with
essentially liberated particles of chalcopyrite (light
grey) and shards and laths of marcasite (white).
Smallest scale fraction represents 10 microns (160x).

Figure 8.

Photomicrograph of Viburnum chalcopyrite concentrate with
large particle of marcasite (white) rimmed by chalcopyrite
(light grey). Smallest scale fraction represents 10
microns (160x).
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Figure 9.

Figure 10.

Photomicrograph of Viburnum chalcopyrite concentrate
where largest particle is siegenite (color ?) surrounded
by liberated particles of chalcopyrite (light grey).
·Smallest scale fraction represents 10 microns (160x).

Photomicrograph of Viburnum chalcopyrite concentrate
with simple locking of sphalerite (dark grey) and
chalcopyrite (light grey). Smallest scale fraction
represents 10 microns (160x).
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Figure 11.

Photomicrograph of Viburnum chalcopyrite concentrate
which exhibits high degree of liberation of chalcopyrite (light grey). Smallest scale fraction represents
10 microns (160x).

Figure 12.

Photomicrograph of Viburnum chalcopyrite concentrate with
large field of liberated particles of chalcopyrite
(light grey) and marcasite (white). Smallest scale
fraction represents 10 microns (25.6x) • .
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B.

Natural Concentrates, Powdered Copper and Iron
A natural chalcocite and a synthetic chalcocite concentrate were

prepared in the laboratory for tests and standards.

The natural

chalcocite was screened to resemble the chalcopyrite concentrate from
the Magmont mine.

The reagent grade powdered copper and iron were

used in later experiments.
Naturally occurring chalcocite mineral from the Butte, Montana,
was obtained through the Ward's Natural Science Establishment, Inc.
Since the chalcocite was received as bulk mineral, it was necessary
to break it up into small pieces and crush it in a gyratory crusher.
The crushed ore was subsequently finely ground in the Mineral Dressing
Laboratory's ball mill .

The chalcocite was systemically reconstituted

to the screen analysis specifications of the Magmont chalcopyrite
concentrate.

The Butte chalcocite used in later experiments analysed

76% copper.
Laboratory prepared chalcocite of 99.5% purity was obtained
from Matheson Coleman and Belt Manufacturing Chemists .

This chalco-

cite was used to make standards for x-ray diffraction quantitative
analyses and to determine the amounts of chalcocite present in
samples.
A 100% minus 400 mesh powdered copper obtained from Glidden, Inc.,
was 99.7% copper and .3% tin .

This powdered copper was used 1n later

reaction experiments mixed with the Magmont and Viburnum chalcopyrite
concentrates .
Reagent grade powdered iron was used as additions in the conversion reaction experiments as mixtures with the t1agmont and Viburnum
chalcopyrite concentrates .
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Reagent grade sulfuric acid obtained from Fisher Co. was used in
conversion reaction experiments and autoclave leaching of the Magmont
chalcopyrite concentrate and the Butte chalcocite and the conversion
reaction samples.
Reagent grade powdered iron was used as additions in the conversion reaction experiments in mixtures with the Magmo nt and Viburnum
chalcopyrite concentrates.
Reagent grade sulfuric acid obtained from Fisher Company was used
in conversion reaction experiments and autoclave leaching of the
Magmont chalcopyrite and

~utte,

Montana, chalcocite and the conversion

reaction samples .
C.

Laboratory Experimentation
The following section is devoted to a description of the

laboratory equipment, laboratory procedures, x-ray analyses, autoclave procedures and conversion reaction experiments .

These were used

in the conversion of chalcopyrite concentrates to a synthetic chalcocite amenable to rapid autoclave leaching at lower temperatures and
pressures than that fixed for autoclaved chalcopyrite concentrates.
1.

Apparatus for chalcopyrite concentrate reaction experiments

Experiments for the chalcopyrite conversion reaction were carried
out using a constant temperature circulator

f~odel

E-52 manufactured

by Haake Instruments, Inc., Rochelle Park, N.J., to maintain a constant
temperature within a 40 liter water bath.

The circulator was excellent

for thermostatting open baths in the temperature range of room
temperature to 150°C.

The constant temperature circulator offered

continuously variable heater output selection between 0 and 1000 watts.
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Distilled water used as the liquid was drawn into the pump housing
and continuously ejected through a pump nozzle to maximize mixing of
the bath water.

The heater automatically turned off when the upper

temperature was reached.

A mercury thermometer was immersed into the

bath vessel for the visual reading of water temperature.
2.

Apparatus for autoclave leaching experiments

Autoclave experiments were performed under high-pressure and
high temperature and were carried out in a 300 ml, 316 stainless steel,
Magnedrive Autoclave manufactured by Autoclave Engineers, Inc., Erie,
Pennsylvania.
The temperature inside the autoclave reactor was controlled by a
Barber Colman Company controller Model No. s30028-70.

The sensing

element of the controller was a copper-constantan thermocouple which
projected into the autoclave reactor.
off at the pre-set temperature.

The furnace automatically turned

The voltage to the furnace was

controlled by manually setting the desired voltage with a Fisher
Company variable resistor.
The autoclave pressure gauge had a 3-1/2 11 dial and a 403 SS
Bourdon tube.

Pressure to the autoclave was regulated by a Matheson

oxygen regulator mounted on a commercial oxygen cylinder.

A manually

operated check valve controlled the flow of oxygen to the autoclave.
The oxygen used in this investigation was 95% pure.
The sample tube and valve assembly was mounted on the autoclave
cover.

Samples could be forced directly into a beaker through tubing

by carefully opening the sampling valve.
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The standard stirring mechanism on the autoclave was a
Dispersimax (Autoclave Engineers).

The device is a turbine type

agitator provided with a hollow shaft and dispersed the oxygen
throughout the liquid.

This type of agitation provides solid suspen-

sion and insures constant circulation of the reactant gases throughout
the solution.

The stirring controller was an Impact V*S drive

manufactured by Reliance Electric Co.

The stirring rate was indicated

by a tachometer (Autoclave Engineers).
The autoclave was equipped with an Autoclave VF-8500 series
furnace.

The furnace was also equipped with chromel-alumel thermocouple

which was wired to a Leeds and Northrup Potentiometer No. 8696 for
measurement of the furnace temperature.
3.

Procedures for chalcopyrite conversion reaction

In the conversion reaction investigation a standardized procedure
of experimental preparation, sample run, and solid-liquid separation
was developed for the twenty-four experiments.
Additions of powdered copper and iron were calculated on the
stoichiometric amount of copper present in the Magmont chalcopyrite
concentrate assuming that the entire concentrate was 100% chalcopyrite.
Fifty grams of either Magmont or Viburnum chalcopyrite concentrate was
used in all experiments in the investigation of the conversion
reaction.

Some 17.3 and 26.2 grams of powdered copper were added on

the basis of one gram of powdered copper for every gram of copper
present assuming the Magmont chalcopyrite to be 100% chalcopyrite.
This procedure maximized the amount of powdered copper available for
contact with chalcopyrite particles.

The 26.2 grams of copper was a
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ratio of 1.5 grams of powdered copper for every gram of copper present
in the Magmont chalcopyrite concentrate assuming that the concentrate
was 100% chalcopyrite.
On the assumption that the Magmont chalcopyrite concentrate was
100% chalcopyrite, additions of 15.3 and 24 grams of powdered iron
were used.

The 15.3 grams of powdered iron was calculated on the basis

of one gram per gram of copper present in the Magmont chalcopyrite
concentrate assuming that the concentrate was 100% chalcopyrite.

The

additions of 24 grams of powdered iron was calculated on 1.5 times the
copper present in the Magmont chalcopyrite concentrate assuming that
the concentrate was 100% chalcopyrite.
The procedure developed for the conversion reaction experiments
is listed below.

The details are given so that duplication of results

could be made in future investigations.
1.

The bath vessel is filled with distilled water to within
two inches of the lip.

2.

The constant temperature circulator is immersed into the bath.
The pump housing and heater have to be totally submerged into
the liquid.

3.

The circulator is started by turning the main switch to the
on position.

4.

The temperature setting is effected by rotating a magnet drum
on top of the thermoregulator so that the indicating bar in
the upper thermoregulator is set at the desired temperature.

5.

The heater wattage is turned to 10 for maximum heating rate .
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6.

The water level is periodically checked to ensure that the
pump housing inlet and outlet are submerged.

7.

One to two hours, for heating to 60°C, and two to three hours
for heating water to 90°C are required.

8.

50.0 gram samples of chalcopyrite concentrate are weighed
using a top loading Mettler balance.

9.

Sulfuric acid and distilled water are added in appropriate
amounts for the desired pulp density.

The mixed solution

results in a 1.68 normal sulfuric acid.
10.

Powdered copper and iron are added to the chalcopyrite
concentrate and mixed thoroughly.

Specific additions of the

powdered metals are added according to the experimental
design.
11.

The acidified solution is placed in a 1000 ml Erlermeyer
flask.

12.

The mixture of chalcopyrite and powdered metal are added to
the solution and the contents agitated to assure that all
the particles are wetted.

13.

This is done under the hood.

The flask is attached to a laboratory holder and immersed
in the constant temperature bath to within three inches of
the lip of the flask.

14.

All equipment is placed inside the

laboratory hood to carry away the H2s produced.
The slurry is allowed to remain in the constant temperature
bath for the desired retention time.

15.

The reacted slurry is filtered to effect a liquid-solid
separation, and the filter cake is dried in a drying oven.
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16.

All of the reacted samples are analyzed for percent chalcocite and chalcopyrite by x-ray diffraction quantitative
analysis.

4.

Procedure for x-ray analysis

X-ray diffraction quantitative analysis provides an accurate
means of obtaining data on the amount of chalcocite converted and
the , residual chalcopyrite present after reacting each sample in the
constant temperature bath.
A detailed procedure of preparation of standards was initiated
by formulating a graph that could successfully be used in determining
the amounts of chalcocite present after the conversion reaction
experiments.

A set of standards containing various weight fractions

of chalcocite and the Magmont chalcopyrite concentrate was formulated.
The 99.5 percent pure laboratory prepared chalcocite was used as the
chalcocite standard.

It was noted that the analysis initially

provided only relative percent of the chalcocite and chalcopyrite
present in each sample.

A mass balance equation was set up which

essentially used ratios of the chalcocite and chalcopyrite present to
compute the absolute amounts of chalcocite present in each conversion
reaction sample.
Details of the standard procedure for x-ray diffraction quantitative analysis are as follows:
1.

Each standard is ground thoroughly in a mortar and pestle.

2.

The standards are thoroughly agitated to obtain an even
distribution of the minerals.

31

3.

The laboratory prepared chalcocite and the Magmont chalcopyrite concentrate are scanned on a x-ray diffraction
spectrometer to find peaks that are sufficiently isolated
and can be used as measures of the percent of either mineral.

4.

The chalcocite peaks used are scanned in the range of 35-39
degrees 28; whereas, the chalcopyrite peaks are scanned in the
range of 57-60 degrees 28.

5.

The converted samples are individually scanned through the
chalcocite and chalcopyrite 28 values.

6.

The area under each diffraction pattern is measured by
cutting out the peaks and weighing the paper on a Mettler
balance accurate to a tenth of a milligram.

7.

The area of the chalcopyrite peak was divided into the area
of the chalcocite peak.

The area ratios were plotted on the

abscissca and the percentage mineral on the ordinate of the
graph.

These percentages of relative amounts of chalcopyrite

and chalcocite could then be quickly found on the graph.
5.

Procedure for the autoclave leaching experiments

In the autoclave leaching experiments a standard procedure was
instituted to obtain representative effects of high temperature - high
pressure leaching on the Magmont chalcopyrite, the
chalcocite, and the conversion reaction samples.

Butte~ Montana

The following

procedure was used in the leaching experiments:
1.

Appropriate amounts of solid samples, sulfuric acid and
distilled water were calculated according to the desired
pulp density to yield a final pulp volume of 200 ml.
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2.

Teflon spray was used to coat all exposed autoclave parts
to minimize autoclave corrosion.

3.

The pulp was added into the autoclave reactor .

4.

The autoclave cover assemblage was bolted down (40 ft/lb
applied to each cover cap bolt).

5.

The Magnedrive drive belt was replaced.

6.

The tachometer stator was replaced.

7.

The sample tube valve was closed.

8.

The autoclave was flushed with oxygen for 30 seconds to
remove atmospheric air.

9.
10.

The oxygen vent valve was closed.
The oxygen tank valve and regulator check valve were opened
to insure adequate oxygen for oxidation.

11.

The variable transformer was set at 70 for maximum heating
rate and the furnace and controller switches turned on.

12.

The agitation was started when the proper temperature and
pressure were reached.

This was termed time zero for the

leaching experiment.
13.

Constant rpm of 1300 was maintained as the stirring rate
(Yu, 1973) .

Reaction rate is related to stirring speed below

1200 rpm.
14.

At proper intervals the agitation was stopped and 5 ml
samples of solution were withdrawn from the autoclave .

15.

The agitation was stopped when the experiment was completed .

16.

The oxygen f low was closed to t he autoclave.
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17.

The reactor was cooled to room temperature by quenching
with water circulating through coils in the reaction vessel
interior.

18.

The leach pulp was removed from the autoclave and filtered
to separate the pregnant solution from the residue.

19.

All leach solutions were analyzed for Cu, and selected leach
solutions for Ni, using an atomic absorption spectrometer.

D.

Laboratory Results
1.

Results of conversion reaction experiments

Experimental tests were devised to determine the effects of the
variables of pulp density, temperature, and additions of either
powdered copper or powdered iron on the percentage of chalcopyrite
that could be successfully converted to chalcocite.

The Magmont and

Viburnum chalcopyrite concentrates already described were used in
the experimentation.

Sulfuric acid additions were calculated from

the stoichiometry and pulp density to yield a final solution of 1.68
normal H2so 4 . The chalcopyrite concentrates were pulped to 15% or 10%
solids using the acidic solution. Conversion results were checked by
microscopic techniques and x-ray analysis.

Chalcopyrite to chalcocite

conversion ranged from 56 to 89.5 % using copper powder and from
15.5 to 60.5% using iron powder.

Sample results follow .

Table III lists the samples, factors, and results of all
experiments performed on the chalcopyrite concentrates.
The percentages chalcopyrite converted to chalcocite are the
important factors.

Note that in sample 1, 68% of the chalcopyrite

was converted to chalcocite at 90°C, with the addition of 17.3 grams
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Table I I I
Results of Conversion Reaction Experiments

SamQle

Source 1 Time
(min)

Temperature
( oc)

COQQer
(gm)

Iron
(gm)

Pulp
Dens it~

Percent
Converted

(%)

1

M

30

90

17.3

30

68.0

2

M

30

60

17.3

30

63.2

3

M

30

90

26.2

30

78.8

4

M

30

60

26.2

30

76.3

5

M

30

90

17.3

15

75.5

6

M

30

60

17.3

15

70.0

7

M

30

90

26.2

15

89.5

8

M

30

60

26.2

15

85.0

10

60

90

17.3

30

70.8

11

v
v

60

60

17.3

30

70.0

13

M

60

60

26.2

30

76.5

14

M

60

90

26.2

15

78.5

15

M

60

60

17.3

15

56.0

16

M

60

90

17.3

15

85.0

19

M

30

90

15.3

30

0.0

20

M

30

60

15.3

30

15.5

21

v

60

90

15.3

15

17.8

22

M

60

60

24.0

15

60.5

24

M

60

90

24.0

15

18.5

1M=Magmont; V=Viburnum
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of powdered copper after a retention time of 30 minutes.

Sample 2

showed a 4.8% decrease in the amount of chalcopyrite converted under
the same experimental design as sample 2 except that the temperature
was decreased to 60°C.

Increasing the reaction time to 60 minutes

in sample 10 and using the same experimental design as sample 1,
resulted in a 64.% chalcopyrite conversion to chalcocite.
Sample 3 achieved a 78% conversion of chalcopyrite to chalcocite
at 90°C, with the addition, of 26.2 grams of powdered copper at a
pulp density of 30% after a reaction time of 30 minutes.

After 60

minutes sample 4 experienced 2.5 percent decrease in the amount of
chalcopyrite converted to chalcocite.
A 75.5 percent chalcopyrite conversion was accomplished in
sample 5 at a pulp density of 15% solids at 90°C with 17.3 grams of
powdered copper.

With a change in temperature to 60°C sample 6 showed

a 5.5 percent decrease in chalcopyrite conversion under the same
experimental design as sample 5.
In sample 7 a 89.5% chalcopyrite conversion resulted at 90°C
with a pulp density of 15% solids and the addition of 26.2 grams of
powdered copper after reacting 30 minutes.

Decreasing the temperature

in sample 8 to 60°C and keeping the other experimental conditions the
same as sample 7, resulted in a decrease in the percentage chalcopyrite conversion of 4.5%.
By increasing the reaction time to 60 minutes under the same
conditions as sample 1 (See Table III), sample 10 showed a 64.8
percent chalcopyrite conversion to chalcocite.

Reacting sample 11

under the same experimental design and conditions as sample 10,
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except decreasing temperature to 60°C, and using the Viburnum chalcopyrite concentrate instead of using the Magmont chalcopyrite concentrate, increased the percentage chalcopyrite conversion to chalcocite
by 6.2 percent.
Sample 13 achieved a 76.3 percentage chalcopyrite conversion to
chalcocite at 60°C at pulp density of 30% solids with the addition
of 26.2 grams of powdered copper after a retention time of 60 minutes.
Sample 14 achieved a 76.3 percent chalcopyrite conversion to
chalcocite under the conditions of 90°C, the addition of 26.2 grams
of powdered copper, a pulp density of 15% solids, and a reaction time
of 60 minutes.

Decreasing the temperature to 60°C, adding 17.3 grams

of powdered copper, and using a pulp density of 15% solids in sample
15 showed a 22.5 percent decrease in the chalcopyrite conversion to
chalcocite after a reaction of time of 60 minutes.

The same

experimental design as sample 15, except increasing the temperature
to 90° C in sample 16, showed an 85 percent chalcopyrite conversion.
In samples 19, 20, 21, 22, and 24 powdered iron was added to
observe the differences in percent chalcopyrite conversions to
chalcocite as compared to the results of the powdered copper additions.
Only a 15.5 percent conversion of the chalcopyrite to chalcocite
resulted in sample 20 at 60°C, a pulp density of 30% solids, the
addition of 15.3 grams of powdered iron, and a reaction time of 30
minutes.
Sample 21 showed a percentage conversion of chalcopyrite to
chalcocite of 17.8% at 90°C with a pulp density of 15% solids with
additions of 15.3 grams of powdered iron after a retention time of
60 minutes.
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A significant increase to 60.5 percent chalcopyrite conversion
to chalcopyrite resulted in sample 22 at 60°C with a pulp density of
15% solids and the addition of 24.0 grams of powdered iron after a
retention time of 60 minutes.
Sample 19 was agitated with an overhead stirrer for 30 minutes
at 90°C with a pulp density of 30% solids and powdered iron addition
of 15.3 grams.

There was no conversion of the chalcopyrite to

chalcocite.
Sample 24 showed a substantial decrease of 42.5% chalcopyrite
conversion to chalcocite, under the same experimental design as
sample 22, except the temperature was lowered to 60 °C.
The effect of changing the pulp density from 30% to 15% solids,
but keeping all other experimental conditions essentially the same,
resulted in increases in the amounts of chalcopyrite converted to
chalcocite ranging from 7.5 to 12.8 percent, after a reaction time
of 30 minutes.
The effect of changing the temperature of the pulps from 60 °C
to 90°C, but keeping experimental designs the same resulted in
increases of 2.6 to 5.5 percent chalcopyrite conversion to chalcocite after 30 minutes retention time.
Agitation of reacting mixtures of iron and chalcopyrite produced no conversion to chalcocite.
The effect of increasing the additions of powdered copper from
17.3 to 26.2 grams resulted in increases of 6.38 to 15.0 percent
chalcopyrite converted to chalcocite, keeping other experimental
conditions unchanged .

38

The effect of increasing the retention time from 30 to 60
minutes without changing the experimental designs, resulted in a
decrease of almost 14% chalcopyrite conversion to chalcocite on one
sample and to increase of 3.2 to 6.8 percent chalcopyrite converted
on other samples.
The anomaly with powdered iron occurred with a 60.5 percent
chalcopyrite converted when the temperature was changed from 90°C to
60°C.

An identical test with the same experimental design as sample

22 but reacted at 90°C had only 18.5 percent chalcopyrite converted.
An analysis for copper in the conversion reaction solution of
sample 16 showed a concentration of only 6 ppm copper.

This was less

than 0.009 percent of the copper in the CuFes 2 .
In a polished section study of the conversion reactions samples
a series of polished sections of converted chalcopyrite samples was
prepared to help understand the mineralogical changes that the
powdered copper and chalcopyrite had undergone during the conversion
reaction.
Both the copper and chalcopyrite exhibit alteration of the
boundaries of individual particles (see figure 13) .

The chalcocite

rims the particles of both the powdered copper and chalcopyrite.

The

alteration also appears to occur at all points at the edges of the
particles.

This suggests that the entire surface of the copper and

chalcopyrite reacted rather than only at the point of contact between
the two particles.

The chalcocite alteration appears to have proceeded

topochemically inward to small unreacted cores of either copper or
chalcopyrite.

An abundance of small particles of chalcocite was quite
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Figure 13.

Illustration of conversion reaction sample 7 vJith reacted
powdered copper and individual chalcopyrite particles
exhibit rimming of chalcocite (440x) .

Figure 14.

Illustration of conversion reaction sample 14 \Jith large
particles of chalcopyrite are only partially reacted in
contrast to almost completely reacted powdered copper
particles (440x).
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Figure 15.

Illustration of conversion reaction sample 7 with
complete rimming of powdered copper particles to
chalcocite (440x) .

Figure 16.

Illustration of conversion reaction sample 7 noting
complete alteration of powdered copper particles to
chalcocite (440x) .
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evident, and it seems reasonable to conclude from the round shape of
the particles and the fact that tiny cores of copper are visible, that
the powdered copper particles (-400 mesh) were considerably smaller
than the Magmont chalcopyrite particles.
In general larger particles of chalcopyrite are usually (fig. 14)
much less reacted.

The majority of the chalcopyrite particles

(fig. 15) were only partially reacted.

Most conversion reaction

samples show a complete alteration of the powdered copper particles
to chalcocite (figs. 13 and 15) while most chalcopyrite particles
remain only partially reacted.
2.

Autoclave leaching results of Magmont chalcopyrite concentrates

The Magmont chalcopyrite concentrate samples received no pretreatment (grinding, roasting, or conversion) prior to autoclave leaching.
In all tests 0.30 grams of sulfuric acid were added for every gram of
chalcopyrite concentrate.

At a pulp density of 10% solids, 23 grams

of chalcopyrite was added into the autoclave.

At a pulp density of

15% solids, 37.4 grams of chalcopyrite concentrates were added into
the autoclave.
Temperatures of 200°C and 150°C were used in the experimentation.
All experiments were performed under an oxygen partial pressure of
600 psi (See Table IV).
A copper extraction of 54.2% was achieved in test D-2 after 30
minutes at a pulp density of 10% solids and at a temperature of 200°C.
Under similar experimental conditions but with the temperature
lowered to 150°C, test C-1 resulted in only 18.2 percent extraction
of copper.
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Table IV
Copper Extraction Achieved by Direct Autoclave Leaching
of Magmont Chalcopyrite Concentrate at 600 psi (02)
Test No.

Pul~ Densit~

TemQerature

% Extraction

Time
(min)

(% so 1 ids)

(oc)

C-1

10

150

18.2

30

D-2

10

200

54.2

30

E-3

15

200

22.8

30

F-4

15

150

21.3

30

C-5

10

150

22.8

60

D-6

10

200

57.5

60

E-7

15

200

47.0

60

F-8

15

150

46.5

60

Test E-3 and F-4 were run at a pulp density of 15% solids, at
150°C and 200°C, at an oxygen partial pressure of 600 psi, for 30
minutes.

The percentage copper extraction for test F-4 and E-3 were

22.8% at 200°C and 21.3% at 150°C, respectively.
After 60 minutes of reaction time a 22.8% copper extraction
was recorded by test C-5 when Magmont chalcopyrite concentrates were
autoclaved at 150°C with a pulp density of 10% solids.

In test D-6

under identical leaching conditions as test C-5 except the temperature
was increased to 200°C, a 57.5% copper extraction was achieved.
Using a pulp density of 15% solids in test E-7 at 200°C for 60
minutes yielded a 47 percent copper extraction.

In test F-8 a
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21.3 percent extraction was obtained at 150°C and a pulp density of
15% solids, after a retention time of 60 minutes.
It should be noted that the 316 stainless steel autoclave corroded
badly when the leaching tests were run at 200°C.

A titanium autoclave

should not corrode under similar conditions.
Residues produced by the direct autoclave leaching of the Magmont
chalcopyrite concentrate consisted of finely divided red iron oxide
with traces of elemental sulfur along with insoluble minerals (galena)
originally present in the concentrate.

The elemental sulfur tended

to coat the upper portions of the autoclave walls at 200°C.

At

higher pulp densities the elemental sulfur also tended to form pellets
which were not readily leachable from the chalcopyrite concentrate.
3.

Autoclave leaching of Butte chalcocite

All autoclaving leach tests of the Butte chalcocite and the
conversion reaction chalcocite were performed at 130°C with an oxygen
partial pressure of 200 psi.

Samples of the leach solution were

recovered at 30 and 60 minutes (Table V).

Table v
Copper Extraction Achieved by Autoclave Leaching
of Butte Chalcocite at 200 psi (02)
Test No.

Pul ~ Dens it~
(% solids)

Tem~erature

% Extraction

Time
(min)

(oc)

A-1

10

130

42.0

30

B-2

15

130

43.5

30

A-3

10

130

67.5

60

B-4

15

130

61.0

60
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In tests using pulp densities of 15% and 10% solids, 35.4 and
22 grams of chalcocite were used, respectively.
The Butte chalcocite achieved 42.5 percent copper extraction
after 30 minutes in test A-1 at 130°C and a pulp density of 10%
solids.

Test A-3 achieved a 61 percent extraction after 60 minutes.

Under the same experimental conditions as test A-1 except the pulp
density was changed to 15% solids, test (B-2) achieved 42 percent
copper extraction after 30 minutes.

Test B-4 achieved a 67.5 percent

extraction after 60 minutes.
Examination of residues from the pressure leaching of the Butte
chalcocite revealed unreacted chalcocite and some quartz gangue.
4.

Autoclave leaching of conversion reaction samples

All experiments performed on selected samples of conversion
reaction samples were initiated under leaching conditions of l30°C
and a pulp density of 10% solids with an oxygen partial pressure of
200 psi (See Table VI).
At a retention period of 30 minutes under previously specified
conditions sample 1 achieved the highest percent extraction of 80.5%.
In decreasing percentages of copper extraction the following
conversion reaction chalcocite achieved the following results:
sample 7, 75.5%; sample 4, 75%; sample 16, 69.5%; and sample 3,
68.8%.
After a reaction time of 60 minutes under the same experimental
conditions as the samples run at 30 minutes, the highest percentage
copper extraction was 89% in sample 16.

In decreasing percentages

of copper extractions the following conversion reaction samples
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Table VI
Copper Extraction Achieved by Autoclave Leaching of Conversion
Reaction Samples at 130°C, at 10 Percent Solids in 30
and 60 Minutes at 200 psi (0 2 )
SamQle No.

Extraction (%)

Time {min}

1

80.5

30

2

73.0

30

3

68.6

30

4

75.0

30

7

75.5

30

8

77.0

30

16

69.5

30

1

83.5

60

2

87.0

60

3

84.7

60

4

77.0

60

7

82.0

60

8

84.0

60

16

89.0

60

attained these results:

sample 2, 87 %; sample 3, 84.7 %; sample 8,

84%; sample 1, 83.5%; sample 7, 82 %; and sample 4, 77 %.
The leach solutions generated after 60 minutes retention time
on the conversion reaction samples were also analyzed for percent
nickel extraction.

In sample 1 a nickel extraction (See Table VII)
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Table VII
Nickel Extractions Achieved by Autoclave Leaching of Conversion
Reaction Samples at 130°C, at 10 Percent Solids
in 60 Minutes at 200 psi (0 2 )
SamQle No.

Extraction (%)

1

41.3

2

34.6

3
4

40.0

7

41.3

8

39.0

16

of 41.3 percent was achieved.
recorded for sample 4.

A nickel extraction of 40.0% was

Nickel extractions of 34.6% and 39%,

respectively, were attained from the leach solutions of sample 2
and 8.
The residues generated by the autoclave leaching of the conversion reaction samples were examined.

Elemental sulfur was estimated

to constitute about 40% by weight of the leach residues.

Agglomerated

pellets of chalcocite were observed with thick coatings of elemental
sulfur.

These pellets were ground and analyzed for the ratio of the

chalcopyrite and chalcocite ignoring the elemental sulfur which was
binding them together.

The residue of sample of 2 contained 45 %

chalcocite and 55% chalcopyrite.

Sample 8 showed that the residue
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contained 65% chalcocite and 35% chalcopyrite.
3 contained 78% chalcocite and 22% chalcopyrite.

The residue of sample
The average weight

of the leach residue was 2 to 3 grams from an initial charge of 22.0
grams.
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IV.
A.

DISCUSSION

Discussion of Conversion Reaction Experiments Results
In the investigation of the conversion reaction of chalcopyrite

to chalcocite the published article of Bauer, Gibbs and Wadsworth
(1972), was essential for the basic information of the conversion
reaction.

This was the only known published reference which

specifically discusses the conversion reaction.

Dr. Milton E.

Wadsworth, Professor of Metallurgical Engineering and Mr. James B. Hiskey,
his graduate student, both of the University of Utah, are preparing
a paper for publication describing the kinetics and mechanisms
involved in the conversion reaction (Clifford, personal communication,
1973).
It was beyond the scope of this paper to explain the rate
processes or mechanisms involved in the conversion reaction.

This

study was specifically designed to show the applicability of the
conversion of chalcopyrite to chalcocite as a possible process in the
development of a hydrometallurgical treatment for the New Lead Belt
chalcopyrite concentrates.

The investigation of the conversion

reaction also was instituted to show the rapid leaching characteristics
of the converted chalcopyrite compared to the direct autoclave leaching
of the Magmont chalcopyrite concentrate.

The Butte chalcocite was

used to show that faster extrations of copper by autoclave leaching
could be accomplished with the converted chalcopyrite than with the
naturally occurring chalcocite .
The results of the conversion experiments using powdered iron in
acidic solutions of sulfuric acid (1.69 normal) showed that, except
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for one exception of a 60% chalcopyrite conversion to chalcocite,
the powdered iron was inadequate as a reagent in converting chalcopyrite to chalcocite under the conditions examined.
The author suggests that the powdered iron reacts rapidly with
the hydrogen ions in solution to cause rapid oxidation of the iron.
As the powdered iron dissolves it liberates large quantities of
hydrogen gas.

In the experiments with powdered iron the reacted

samples did not acquire the characteristic metallic grey color of
the experiments performed with powdered copper additions.

Therefore,

during the experiment run of sample 24, a lighted match was placed
at the end of a long handled tongs above the reaction vessel.

The

resultant explosion of the evolving gas indicated that the powdered
iron was producing large quantities of hydrogen gas.

The following

suggested reaction may occur between the powdered iron and acidic
solution:
Fe + 2H +

~

Fe ++ + H2t

The lower temperature of 60°C decreases the rate of dissolution
of the powdered iron by the hot sulfuric acid.

Thus the iron remains

in the slurry for a longer period of time and the conversion reaction
is able to proceed to a greater extent at the lower temperature.
The effect of the dissolution of the powdered iron is the rapid
decrease in size of the individual iron particles.

The amount of

powdered iron decreases so rapidly that the chalcopyrite particles
are not in contact with the oxidizing iron for a long enough time to
be reacted .

For the conversion reaction to proceed, the electrons
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released as a result of the anodic oxidation of iron must be
transferred to the chalcopyrite by direct physical contact of the
chalcopyrite and iron particles to induce the chalcopyrite to
liberate H2s and ferrous ions. The chalcopyrite is altered to
chalcocite by the loss of the iron and 3/4 of its sulfur.
Wadsworth and Hiskey (Clifford, personal communication, 1973)
found that the conversion reaction proceeds much more rapidly when
no agitation is used because the particles can make better electrical
contact for the electron transfer process.

This was confirmed by

experiment 19 where essentially zero conversion took place when an
overhead stirrer was used to agitate the iron and chalcopyrite pulp.
The constant stirring action kept the particles in suspension.

The

chalcopyrite particles reacted only when they collided with the
powdered iron particles and transferred electrons.

The agitation

also accelerated the dissolution of iron and the liberation of
hydrogen gas by constantly keeping hydrogen ions replenished at the
surface of the iron.
The following reaction shows the conversion reaction with
powdered iron additions:
Anodic:
Cathodic:

Fe

~

Fe++ + 2e

2CuFes 2 + 6H+ + 2e
2CuFeS 2 + 6H+ + Fe

+

~

+

~

Cu 2s + 2Fe++ + 3H 2St
++ +
Cu 2s + 3Fe
3H 2St

The conversion reaction with powdered iron produces three moles
of iron in solution for every mole of powdered iron added to the
reaction.

If the ferrous iron could be reduced to the metallic state,
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a large supply of iron could be readily available.

The possibility

of electrowinning the iron enriched waste leach solution after each
conversion reaction depends on all the iron being in the ferrous
state, because if ferric and ferrous ions are both present there is
a problem of a ferric-ferrous iron couple at the cathode .

This couple

would greatly decrease the efficiency of the electrowinning operation
and waste power.
Another problem exists with residual frother and collector present
in the Magmont and Viburnum chalcopyrite concentrates .

This caused

significant quantities of chalcopyrite particles to be floated to
the surface, and thus not be in contact with the metal anode.
The conversion reaction using powdered copper is thermodynamically
favorable with a free energy of -5.29 kcal/mole of chalcopyrite at
298°K.

Although the thermodynamics of the powdered iron addition are

slightly more favorable at -9 . 1 kcal/mole of chalcopyrite at 298°K,
the results of the conversion reaction experiments with powdered copper
approached 90% conversion of chalcopyrite to chalcocite at a pulp
density of 15% solids at 90°C with powdered copper addition of 26.2
grams after 30 minutes .

The following reaction shows the conversion

reaction with copper:
Cu

Anodic:
Cathodic:

cu++

Cu++ + 2e

~

+

+ CuFeS + 2H+ + 2e
2
CuFeS

2

+ Cu + 2~

~

+

~

+

Cu 2S + Fe++ + H2St
Cu 2s + Fe ++ + H2St
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At a pulp density of 30% solids, the ferrous ions were built up
to concentrations that caused the conversion reaction to shift the
equilibrium toward the reactants.

The high concentration in ferrous

ions forms as a product of the cathodic reduction of chalcopyrite.
The effect of pulping the solids to 15% decreased the high concentration of ferrous ions in solution.

The lower concentration of ferrous

ions allowed the reaction to proceed with the back reaction being
unimportant.
The results show that after 60 minutes reaction time in sample 16,
the copper concentration in the waste solution was only 6 ppm.

The

copper ions released at the anodic oxidation sites on the powdered
copper were being precipitated by the hydrogen sulfide as fast as
they were formed.
An increase of 6.3 to 15.0 percent in the amount of chalcopyrite
converted to chalcocite resulted by increasing the copper additions
from 17.3 grams to 26.2 grams and keeping other experimental conditions
the same.

It seems reasonable to conclude that increasing the amount

of powdered copper in the samples of the chalcopyrite concentrate
increases the probability of copper particles being in direct physical
contact with the chalcopyrite and also increases the available anodic
surface area.
Temperature changes from 60°C to 90°C on the tests of the same
experimental design increased slightly the percent conversion of
chalcopyrite to chalcocite by 22 to 5 percent with all experimental
conditions the same.

The effect of increasing temperature was to

increase th e solubility of the ferrous ion and decrease the
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solubility of the hydrogen sulfide.

The temperature increase shifts

the equilibrium to favor the forward reaction.
The chalcocite alteration proceeds topochemically forming rimming
textures on the chalcopyrite which conform generally with the contours
of the original surface.

The reaction occurs at all points on the

entire surface from evidence from the polished sections of the conversion reaction samples.

It was concluded that the reaction proceeds

at approximately the same rate at all points on the exposed surface
of the chalcopyrite particles.
Since the microscopic study of the converted particles showed
that the conversion reaction was topochemical when no agitation was
used; it is probable that the reaction rate was controlled by diffusion
of species through the chalcocite layer that formed on the elemental
copper and chalcopyrite.

It would take a kinetic study to determine

the exact mechanism of this diffusion process.
Generally increasing the reaction period from 30 to 60 minutes
did not yield significant increases in the amount of chalcopyrite
converted to chalcocite.

Examination of the polished sections of the

conversion reaction samples showed that at 30 minutes, the powdered
copper particles were generally completely reacted to chalcocite,
whereas the chalcopyrite exhibited partially reacted or unreacted
particles.

It was observed that the powdered copper at 100 percent

minus 400 mesh had a substantially smaller particle size in contrast
to the chalcopyrite particles size distribution.

The powdered copper

te,nded to readi 1y convert to cha 1 coci te, whenever direct phys i ca 1
contact was established with chalcopyrite particles.

The size
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difference caused the chalcopyrite to be only partially reacted when
the copper was essentially converted to chalcocite.

The larger cllal-

copyrite particles take more time to be converted to chalcocite than
do the smaller copper particles .
Anodic:

Cu

~

Cu++ + 2e

Cathodic:
CuFeS 2 + Cu + 2H
B.

+

Comparative Autoclave Leaching of Magmont Chalcopyrite
Concentrate - Butte Chalcocite and Conversion Reaction Chalcocite
Autoclave leaching of the conversion reaction samples showed

that high percentage copper extractions could be achieved at low
temperature and pressure.

An 89 percent extraction of copper

originally in the CuFeS 2 was obtained from conversion reaction sample
16 after leaching the Cu 2s for 60 minutes at 130°C at an oxygen
partial pressure of 200 psi.

The lowest percent extraction of copper

amounted to 77% in sample 4 .

This was leached under the same condi-

tions as sample 16.
The Butte chalcocite was leached under the same conditions as
the conversion reaction samples.

The percent copper extraction of

test A-3 after 60 minutes at 10% solids was 67.5%.

Test B-4 at a

pulp density of 15% solids, at 130°C, and oxygen partial pressure of
200 psi, achieved a percent copper extraction of 61%.

The chalcocite

formed by the conversion reaction had a porous structure with a
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corresponding large surface area available for leach solutions to
penetrate readily, resulting in the rapid dissolution of copper .

The

equation of the oxidation leaching of chalcocite at 130°C was:

Copper extraction could have been higher in the conversion
leaching experiments if a lesser amount of sulfuric acid had been
added.

Elemental sulfur formed coatings on the chalcocite particles

and tended to agglomerate the chalcocite into pellets which prevented
their complete dissolution .
The leach solution of conversion sample 1 achieved along \vith
extractions of copper a 41.5 percent extraction of nickel .

The percent

extraction of nickel in all the conversion reaction sample leach
solutions after 60 minutes averaged 39.2%.

There was a 1.5% loss of

the percent nickel extractable in the waste conversion reaction
solution.
This study as part of its objectives has evaluated the
feasibility of utilizing the conversion reaction in developing a
hydrometallurgical process for the New Lead Belt chalcopy r ite
concentrates.
The advantages of t he convers i on reaction process are :

(1) One

half of the sulfur in cha l copyrite could be recove r ed as elemental,
(2)

r~o

solvent extract i on ci r cu i t neede d , (3) LO\v temperatures can be

used both in the convers i on reaction (90 °C) and in the autoclave
(130 °C), and (4)

r~o

sulfur di ox i de i s produced .
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Disadvantages of conversion reaction process are:

(1) Large

circulating load of copper (cement copper could be used as powdered
copper in the conversion reaction, and (2) Large amounts of ferrous
ions in solution must be disposed of after each conversion reaction.
The author estimates the approximate recovery cost at $.15 per
pound of contained copper for treating 145 tons of chalcopyrite
concentrate daily.
The author suggests that the conversion reaction process may
show good possibilities as a solution for recovering the copper
contained in chalcopyrite concentrates which are at present unsalable.
Therefore it is strongly suggested that additional research should be
aimed towards the conversion reaction utilization into a viable
hydrometallurgical process.
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V.

CONCLUSIONS

The two primary objectives of this study were:

(1) ore

microscopic study of the Magmont and Viburnum chalcopyrite concentrate
to review, mineralogy, particle size and interlocking characteristics
of ore minerals to determine the possible cause of poor chalcopyritegalena separation in the copper flotation circuits, (2) study of
improving copper extraction from chalcopyrite by subjecting chalcopyrite concentrates to a conversion reaction which would substantially
increase copper extraction later by leaching compared to (1) untreated
chalcopyrite concentrate and (2) naturally occurring chalcocite
concentrate.

The following results are significant.

In the Magmont and Viburnum chalcopyrite concentrates the major
sulfide minerals present are:
marcasite and siegenite.

chalcopyrite, galena, sphalerite,

The Magmont concentrate was determined by

screen analysis to be 74.2% -200 mesh, whereas the Viburnum chalcopyrite was 69.9% -200 mesh .

The ore microscope study of the

chalcopyrite concentrates from both mines showed that the chalcopyrite
and galena are essentially completely liberated.

The chalcopyrite

and galena particles show that only a small quantity exhibit locking
textures between the two minerals.

It was concluded that the

chalcopyrite-galena separation problem is probably related to failure
of reagents to significantly deactivate galena particles.
The use of powdered iron in the conversion reaction require lower
temperature and larger amounts of the metal than copper.
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The results of the conversion reaction with powdered iron suggest
that chalcopyrite particles are not in contact with the rapidly
oxidizing iron particles for a long enough time to be reacted .
The conversion reaction experiments with powdered copper addition
show that conversion of chalcopyrite to chalcocite approach 90 %
conversion.
By decreasing pulp density from 30% to 15% solids the concentrate
of ferrous ion decreases.

The lower concentration allows the reaction

to proceed more rapidly.
Increasing powdered copper additions in the conversion reaction
increases the available anode surface area.
Studies of polished sections of conversion reaction samples show
that chalcocite alteration reacts topochemically with rimming textures
on chalcopyrite that conform generally with the particle contours.
The reaction apparently proceeds approximately at the same rate along
the exposed chalcopyrite surface.
Temperature increases in the conversion reaction with powdered
copper, suggested that solubility of ferrous ions increases also.
The temperature increase shifts the equilibrium to favor the forward
reaction.
Examination of conversion reaction samples reacted for 30 minutes,
showed that the powdered copper particles were generally completely
reacted to chalcocite .

It was found that chalcopyrite particles are

too large (43.0% and 21.0% -400 mesh) for the powdered copper particles
(100% -400 mesh) to react with completely .
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A high percentage copper extractions fro m the conversion reaction
samples can be achieved at lower temperatures and pressure than fro m
the direct autoclave leaching of the Magmont chalcopyrite concentrates .
The conversion chalcocite can also be leached faster than the natural
Butte chalcocite concentrate .
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